In order to investigate the hypothesis that dynamic nanoscale stimuli can influence the functional response of the brain, in this paper we describe the development of a membrane actuator chip based on polydimethylsiloxane (PDMS) soft lithography. The chip exerts a local nanoscale mechanical load on an in vitro neuronal cell network by microfluidic pneumatic deformation of the membrane. The deformation provides a topographical change in the substrate as an input stimulus for the study of response functions of a neuronal cell network in vitro. Calcium ions (Ca 2+ ) imaging within a neuronal cell network grown from dissociated cortical cells of the rat's brain used as a brain model indicates that a neural networks response can be provoked by means of our new method. This actuator chip provides a relatively mild and localised mechanical stimulus by means of a 2% elongation of the membrane's width during the application of a pressure pulse underneath the membrane using a microfluidic channel design. We found an average 50% increase of the intracellular Ca 2+ flux activity for 2D neuronal cell networks among 4 independent samples cultured on flat membranes. Additionally, we have proven the applicability of the actuator chip for networks on nanogrooved membranes by the observation of Ca 2+ traces and we also observed the Ca 2+ waves response upon stimulation in a three dimensional (3D) in vivo-like neuronal cell network using Matrigel on flat membranes. Hence, the chip potentially provides a novel technology platform for the in vitro modelling of brain tissues with topographically and 3D hydrogel-defined network architectures.
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Introduction
The mechanotransduction in neuronal cell networks is a means to communicate between the biochemical and the electrical domain of brain functions [1] . Mechanical properties within the microenvironment of the brain tissue affect various aspects of neuronal processes [2] , such as the growth and wiring of the neurites [3, 4] , synapse formation [5] and brain circuits activity [6] etc. Modifying biophysical cues due to local mechanical interactions between the extracellular surrounding and the cell adhesion molecules, which can induce intracellular signalling cascades, play an important role in regulating the aforementioned neuronal processes [7] .
Introducing Organ on a Chip technology offers an instrumental way to provide such biophysical modification to engineered brain tissues and hence allows to model the brain and better understand its physiology [8] [9] [10] [11] . This novel type of a microphysiological brain system provides a platform with considerable advantages, complementary to the high-cost and extremely complicated observations one can collect in vivo. One of the major advantages is that a chipbased system enables to precisely tailor the environmental parameters that lead to induce a biological phenomenon of interest [12] . The latter helps neuroscientists and biologists to understand the multimodal effects occurring in neuronal cell networks at the structure level and unravel their cellular and molecular mechanisms being related to the functional level of the brain. Microphysiological devices with various structural and mechanical designs have impressively contributed to this field of biomedical research already [13] [14] [15] [16] [17] . Configuring this type of devices based on MEMS technology allows us to control the occurrence of a biological phenomenon temporally and spatially in conjunction with advanced biological, chemical and physical assays that probe these specific physiological processes. The utilisation of soft materials has become popular in developing these devices. Their lower stiffness compared to the conventional rigid substrates used in MEMS technology (e.g. plastics like cyclic olefin copolymer and poly(methyl methacrylate) or actual glass and silicon) improves the mechanical environment for cells particularly for 'soft' biological tissues, like brain, and hence results in morphologies of the cultivated cells that are more comparable with those in vivo [18] . Among the extensive elastomer family, polydimethylsiloxane (PDMS) has been a widely used material due to its favourable properties such as high biocompatibility, good optical transparency, and relatively low fabrication costs, and has been applied mostly in fundamental laboratory studies [19] . Moreover, the tuneable stiffness of PDMS realised by varying the ratio between the precursor and the cross-linker components helps to fine-tune substrate stiffness for the many different types of cells under invest igation [20] . Furthermore, the elasticity of PDMS makes it easier to introduce various manipulations, such as surface stretching [21, 22] and temporal chamber barrier [23] , which helps to realise a microenvironment for an advanced microphysiological system with biomimic functionality on a chip. Hence, it is also our material of choice for the design of the membrane actuator chip platform, which is discussed here. Therefore, in vitro models based on the aforementioned chip technology will contribute to a better understanding of the mechanism of time-space correlated neuro-mechanoresponsiveness. The main challenges in studying dynamic neuronal cell network responses upon a locally controlled stimulus on-chip include multi-fold elements. For example, the design of an artificial extracellular environment that is capable of resulting in an in vivo-like brain tissue structure, facilitating neuronal cell network formation processes comparable with the architectures of layers and connections found in the brain in vivo, is a major challenge. In order to provide such extracellular environment, artificial two dimensional (2D) and three dimensional (3D) scaffolds have been developed to emulate the in vivo functions of the extracellular matrix (ECM) of neuronal tissue [24] . Next to mimicking neural tissue organisation by nanotopographies also a technical solution for the culture-on-chip environment must be found that allows to host developing neuronal cell networks in 3D sufficiently long, to accommodate a mature enough phase of neuronal development (>14 d in vitro, DIV) which expresses the rich behaviour of neuronal communication and cell to cell interactions (e.g. firing patterns) better reflecting on brain functions in vivo. And, essentially, such environment has to be integrated with the capability of producing the distinct mechanical stimuli on a neuronal cell network on-chip according to the various requirements and motivations of the research questions at hand of a neuroscientist.
To explore the effect of localised mechanical stimulation on an in vitro neuronal cell network, here, we introduce a novel brain-on-a-chip. The paper discloses the design and fabrication of a PDMS-based membrane actuator chip, which can exert mechanical stimuli at the micro-to nanoscale to an engineered brain tissue cultured in the chip either in 2D or in 3D. As a proof of concept, the responsive activity within the neuronal network of the brain tissue was visualised by fluorescently labelling an important cellular signalling factor: calcium ions [25] . The calcium ions (Ca 2+ ) are involved in regulatory effects of many enzymes and proteins in a cell. The cellular Ca 2+ activity has already extensively been used as a response indicator for the study of exoteric triggers in neuronal cell networks by using mechanical, chemical or electrical stimulation [26] [27] [28] [29] [30] . Cellular calcium signalling proteomes are tissue-specific, producing unique calcium signals that suit a physiological process in the tissue [31] . The transmission of Ca 2+ has been considered to be an important marker to evaluate neurophysiological processes occurring in a primary cortical cell network [32] [33] [34] . Here, Ca 2+ imaging of the living culture was performed as an approach to observe the intracellular Ca 2+ activities prior and upon the local stimulus. The Ca 2+ waves within the neuronal network formed of the dissociated cells of new born rats will give us a first indication towards a better understanding of the intercellular signal communication between different types of cells in combination with immunostaining. We demonstrated the application of the chip with a flat and a nanogrooved membrane and extended the experimental design to a 3D configuration using Matrigel atop of the cell-membrane interface. Our preliminary experimental results on flat membranes showed that the Ca 2+ activities respond directly to the mechanical stimulus while in nanogrooved and 3D cultures the response is more complex and will need a more advanced video image analysis. Nevertheless, the results already imply that our membrane actuator chip can be used as a platform to investigate the dynamics of signal transmission in neuronal cell networks.
Methods

Fabricating the actuator chip by PDMS soft-lithography
The actuator chip is composed of three PDMS layers: the underneath channel (A), the flexible membrane (B) and the culture chamber (C), and for greater mechanical stability it is bonded to a microscopy slide. Uncured Sylgard ® 184 (Dow Corning) was mixed with a certain ratio of the elastomer to the cross-linker for moulding the PDMS layers. In our experiment, 10:1 (elastomer: cross-linker) PDMS was used for fabricating the flexible membrane (layer B). To prevent deformation of the channel width during actuation, the rigidity of the underneath channel (layer A) was strengthened by using a higher cross-linker composition in the uncured PDMS (elastomer: cross-linker = 7:1). The culture chamber (layer C) was prepared with 7:1 PDMS as well. The mixture was hand-stirred with a plastic stick till well blended and then degassed in a vacuum chamber before moulding to remove the air bubbles in the PDMS. Figure 1 shows the scheme of the main process. Layer A, the underneath channel structure, was moulded by pouring uncured PDMS onto a SU-8 template to achieve a layer thickness of around 1 mm, followed by baking at 80 °C for 30 min ( figure 1(a) ). The template for moulding the underneath channel (layer A) was fabricated by applying photolithography in SU-8 resist. Details of the fabrication process are described in section 1 of the supplementary information (S1) (stacks.iop.org/JMM/28/085011/mmedia). The underneath channel template has an average height of 40 µm. Different dimensions of the channel width (10, 25, 50, 100 and 120 µm) were used for the experiment. The SU-8 template was coated with Chlorotrimethylsilane (CTMS) as an anti-stiction layer prior to the PDMS moulding step. Layer B, the membrane, was prepared by spin coating uncured PDMS on a photoresist nanoscaffold template (PR) at 5000 rpm for 5 min, followed by baking at 60 °C for 2 h, resulting in a membrane thickness of 4 µm (σ = 0.2, N = 6) ( figure 1(b) ). This PR nanoscaffold was fabricated by Jet and Flash nanoimprint lithography (JIF ™ ), and was directly used as a template for casting PDMS without any surface treatment. Details of the fabrication of the PR nanoscaffold was described in our previous work on neuronal cell alignment [35] . Similarly to the process shown in figure 1 (b), a blank silicon wafer was used as substrate for spin coating a PDMS thin membrane with a flat surface. CTMS was coated as an anti-stiction layer on the blank silicon wafer prior to the spin coating step. Layer C, the cell culture well, was prepared by moulding a slab of 2.5 mm × 1.5 mm × 0.6 mm (L × W × H) PDMS on a CTMS coated blank silicon wafer at 80 °C for 30 min (figure 1(c)). A hole was then punched with an 8 mm diameter into the cured PDMS slab (serving as the culturing well) using a round biopsy puncher (BAP Medical, OD 8 mm, 65-MDP8MM 33-37).
To assemble the chip, layer A and B were first bonded as it is displayed in figure 1(d), and the new part A + B was peeled off from the silicon wafer. Inlets and outlets were then punched with a 25-gauge puncher (Syneo Co.). Layer C was bonded to A + B as displayed in figure 1(e). Further, the inlets and outlets were punched through the new part A + B + C with the same puncher. Finally, the stack of combined PDMS parts was bonded to a clean glass slide. The bonding between the different PDMS parts was realised through surface activation by a 1 min air plasma treatment. To avoid the possibility of leakage between parts caused by weak bonding, uncured PDMS was smeared along the side walls of the chip assembly, followed by baking at 80 °C for 1 h. The inlet and outlet were then connected with a stainless-steel tip (angled tip, OD 0.72 mm, Nordson Corporation) and tubing (Tygon R3607, ID 0.51 mm, OD 2.33 mm). The chip was then ready for performing a cell experiment. Figure 1 (f) displays a picture of the completed actuator chip and figure 1(g) provides a schematic drawing of its mechanism of actuation using gas flow.
Cell culture
Primary cortical cells dissociated from a new-born rat's brain were used for cell experiments (Mother rat: Wistar Crl:WU from Harlan Sprague Dawley Inc., bred at MIRA institute at University of Twente.). Before seeding the cells, the chip was sterilised by immersion in 70% ethanol (Merck) for 1 h [36, 37] . The chip was then air-dried in a biology safety cabinet and treated with air plasma to enhance the hydrophilicity of the PDMS surface [38] , and then coated with polyethyleneimine (PEI; branched, approx. molecular weight 60 000, 50 wt% aq. solution; Acros Organics; CAS: 9002-98-6) to improve cell adhesion. The primary cortical cells were seeded with 3 × 10 5 cells/chip (approx. 6000 cells mm −2 ) and cultured with R12H medium according to Romijn et al [39] containing 1% Penicillin and Streptomycin, at 37 °C, 5% CO 2 and 95% humidity. In order to provide an in vivolike environment to the culture, an approx. 1 mm thick layer of Matrigel (BD Matrigel ™ BasementMembraneMatrix Growth Factor Reduced, 356230, BD Bioscience, diluted to 75% of its original concentration with the R12H medium) was added on top of the 2D cultures at 1 DIV. The detailed protocol of adding the gel layer is described in section 2 of the supplementary information (S2). Culture medium was refreshed every 2 d.
Calcium ions imaging
Cell cultures at 15 (±3) DIV were loaded with Fluo-4 AM (Fluo-4 Calcium Imaging Kit, F10489, Molecular Probes ® ) in order to image the activity of the intracellular Ca 2+ of the entire cell population in the cortical cell networks. The loading process followed the recommended protocol provided by the company. When the culture was loaded with Ca 2+ indicator, it was placed into the cage incubator of a fluorescence microscope (Nikon confocal A1) for Ca 2+ imaging and the chip was connected to compressed air flow for actuation. The cage incubator was heated and kept at 37 °C, and air with 5% CO 2 was introduced to the incubator, thus the environment conditions during the live cell imaging experiment were kept as similar as possible to the cell incubator. During imaging, the compressed air was introduced into the chip channel by the control of a pressure regulator (Festo, LRP-1/4-2.5 162834) and a ball valve (Festo), producing deformation in the flexible membrane as a local stimulus to the culture. The intracellular Ca 2+ activity was recorded with a Nikon fluorescence microscope, with a 10× objective. Images were analysed with Fiji (Image J) software provided by National Institutes of Health [40] .
Fluorescent cell staining
Live/dead cell viability assay (Cellstain Double Staining Kit; Sigma Aldrich, 04511) was performed to evaluate the viability of the cortical cell cultures in the actuator chip after stimulation. To identify the cell types in the cortical cell culture, immunostaining was performed when cultures were fixed immediately after a stimulation experiment. Glial fibrillary acidic protein (GFAP) and microtubule-associated protein 2 (MAP2) were stained to identify astrocytes and neurons, respectively. Anti-GFAP antibody (goat; Sigma Aldrich, SAB2500462; 1:200), anti-MAP2 antibody (mouse; Sigma Aldrich, M9942; 1:200) were used as the primary antibodies. Anti-goat IgG (H + L), CF ™ 488A (donkey; Sigma Aldrich, SAB4600032; 1:500) and anti-mouse IgG (H + L), highly cross-adsorbed, CF ™ 640R antibody (donkey; Sigma Aldrich, SAB4600154; 1:500) were used as the second antibodies.
Results and discussion
Actuator chip configurations
We realised three types of actuator chip configurations following the protocol described in the Methods section. The protocol consisted of the fabrication and assembly of three layers: underneath channel (layer A), membrane (layer B) and culture well (layer C). The first and second type of actuator chip contained a nanogrooved membrane and a non-patterned membrane for 2D culture, respectively. For a third type of actuator chip configuration we added a layer of diluted Matrigel for in vivo-like cell culture allowing to extend the cell culture into the third dimension, based on our previous study [41, 42] . For each configuration repetitive actuator chips were fabricated and utilised in the experimental work. Also, a number of chips with a non-patterned membrane were fabricated only for the characterisation of the chip actuation mechanism.
Each type of the chips was durable for at least 3 weeks under the cell culture conditions applied during our study and were capable of repetitive actuation with/without the cell culture atop. However, for the cell stimulation experiment only one stimulus was applied on each free-standing membrane in order to eliminate any time-delayed effects of the stimulation event on the cells during data recording. Chips for cell stimulation experiments in this work were prepared for one-time use only considering the difficulty in removing and completely cleaning the culture residues from the culturing area without damaging the PDMS surface.
Actuation of the PDMS chip
Compressed air flow was introduced into the chip to produce a deformation in the flexible membrane (figures 1(f) and (g)).
The deformation was confirmed with white light interferometry (Polytech MSA-400), and analysed by the Polytec's Topography Measurement System software. White light interferometry results show the deformation of the membrane actuated with different gas flow pressures (figure 2). The deformation in the membrane was estimated by measuring displacement of the membrane and considering an arc for the deformed shape. Subsequently, the change of the arc length due to the displacement was calculated. For example, for a test chip with an underneath channel of a width of 120 µm and a membrane actuation of 10 µm high, the membrane is capable to deform approx. 2% of its original width. Hence for the localised deformation within the size of a cell (which is a few micrometres) the membrane would deform at the nanoscale. The details of the calculation and the deformation test are described in section 3 of the supplementary information (S3).
The deformation experiments were carried out on chips without either nanogrooves, PEI coating or cells on top of the membrane as a demonstration. The actual scale of the deformation may change according to the exact stiffness of the membrane, which may be influenced by the nanopatterning of the membrane and loading with the additional chemical molecules and cells during a real cell experiment.
Calcium waves in highly ordered neuronal cell network exploring cortical network response on nanogrooved membranes
It has been demonstrated that the linear nanogrooved pattern ('nanoscaffold' [35] ) on the PDMS surface influences the direction of the neuronal outgrowth as well as the organisation of the cortical neuronal cell networks formation in our previous work [35, 44] . Contrastive to the random neuronal network of the primary cortical cells on a non-patterned surface, the neuronal cell network formed on a linear patterned surface is organised with highly ordered cell outgrowths which are aligned with the direction of the line pattern of the nanogrooves. The latter has been revealed by both live/ dead staining and fluorescent immunostaining of the cortical cells [35, 44] . Here, Ca 2+ was used to further visualise the dynamic activities in the live neuronal cell network. As introduced above, the intracellular Ca 2+ indicator Fluo-4 AM loads on the primary cortical cells without any specificity of the cell type. Therefore, an overall intracellular Ca 2+ activity was recorded during observation. As a preliminary demonstration, figure 3 displays the Ca 2+ transmission in a live cortical cell network that formed on a nanoscaffold. An oriented pathway of the Ca 2+ flux was depicted with the help of the white arrows in figures 3(a)-(c). As stated in our previous work, the directional neuronal outgrowths may present also a more in vivo-like neuronal cell network morphology of brain cortex, where neuron somas are positioned in different cortical layers according to their functions (grey matter), and the neuronal outgrowths are aligned and bundled while the myelinated axons further extend in the white matter, wiring grey matter areas in various brain regions [45] . On the other hand, the highly aligned outgrowths also ease the analysis of tracing the Ca 2+ flux in the complex primary neuronal cell network along the neuronal outgrowth as depicted in figure 3 . If such aligned features of neuronal outgrowth are indeed a predictive model for a functioning brain tissue remains to be elucidated in further studies.
Observation of calcium ion waves upon mechanical stimulation exploring randomly grown cortical cell network on-chip using non-patterned membranes
It is our ultimate goal to study the dynamics of the signal transmission within the neuronal cell network upon mechanical stimulation in an environment more comparable to brain tissue in vivo, which is realised here by the linear nanoscaffold. However, for being able to harvest meaningful data, we first investigate the general experimental conditions in more depth. To combine mechanical stimulation experiments with Ca 2+ wave imaging in 3D in vivo-like environments we therefore establish the method using primary cortical culture on-chip with a non-patterned membrane. The latter will form a benchmark for more complex network architectures. As a demonstration of the functioning of the chip, figures 4 and 5 show the Ca 2+ activities within the entire cortical cell networks, responding to a stimulus with 10 s duration produced by an applied pressure of 200 mbar in the channel, with no specificity for a certain cell type. It is supposed that when a stimulus is applied, the cells that adhered on the freestanding membrane or at the edges of the membrane receive a mechanical stretching stimulus in the order of forces in the nanoscale regime, and hence the cells respond upon this with intracellular Ca 2+ fluctuation. The signal transduction and transmission among the cells may lead to correlated intracellular Ca 2+ flux in several neighbouring cells, which can be referred to as intercellular Ca 2+ waves. Figure 4 displays a series of such Ca 2+ waves that were caused by the stimulus and spread radially from the channel edges into the surroundings using a non-patterned membrane. The original movie of the Ca 2+ imaging, of which the series of images depicted in figure 4 were extracted, is provided as online supplementary information (S5).
We assume that the cellular configuration in our design of an in vivo-like culture using a layer of Matrigel atop is favourable for a cellular morphology of physiological relevance and it may also allow for better connectivity among the cells in the tested neuronal cell network by its 3D nature as demonstrated by the results presented in figure 4 . However, considering the difficulty of imaging and analysing the real-time activity of the multilayered cells, we continued our thorough quantitative analysis of actuator chip performance with respect to the neuronal cell network dynamics only in the 2D on-chip culture configuration as a proof of principle for the mechano-responsiveness experiments. It is worth noticing that optimisation of this specific culture conditions towards a 3D configuration may yield a more mature neuronal cell network in comparison to 2D for the same time of culturing, which can lead to further advances in the utility of the actuator chip for mechanotransduction studies in vitro.
Finally, 2D cultures on the non-patterned chip were used for quantitative analysis of the neuronal response to the mechanical stimulation. Figure 5 shows an example of analysing the related events of Ca 2+ activities in a cultureon-chip. This Figure presents qualitatively how the Ca 2+ fluorescence was analysed in our experiment. In figure 5(a) we showed how we selected the regions of interest (ROIs) from the Ca 2+ imaging videos. And figure 5(b) shows the real-time response of the ROIs, in which the increasing peaks of the fluorescence intensity were considered as the 'Ca 2+ events' calculated and depicted in figure 6(b) . To define ROIs, an area of 700 µm × 700 µm centred with the middle point of the channel area in each field of view was considered as one sample for the analysis ( figure 5(a) ). In each of these samples, 15-20 individual cells are identified as regions of interest (ROIs) were analysed for counting the amount of the spikes of the fluorescence intensity (referred to as 'Ca 2+ events', shown in figure 5(b) . When a stimulus was introduced, an average of 7% increase of the overall fluorescence intensity of the Ca 2+ compared to the fluorescence intensity prior to the stimuli was observed from N = 4 independent culture-on-chip samples ( figure 6(a) ). The increase of the total fluorescence intensity implies the activation of the cortical cell network due to the stimulation [46] . In addition, the number of the Ca In order to evaluate the potential harm of the mechanical stimulation loaded onto the cells, the stimulated culture was kept incubated with medium for 36 h after the experiment, then it was stained with Calcein-AM/propidium iodide (PI) to show the cell viability. The green staining in figure 7(a) shows a viable cortical cell network near the stimulated region, indicating that the stimulation was strong enough to induce an activated Ca 2+ flux, without causing fatal harm to the cells. The ROIs for the stimulated region was determined as a 100 × 1200 µm area aligned with the free standing membrane (i.e. the channel area). The ROIs for the non-stimulated region (the control region) was determined as a 100 × 1200 µm area which was parallel and of 500 µm distance from the stimulated region. No significant difference of cell viability was observed between the stimulated regions of cells in a culture and the control regions of cells in the same culture, which confirms that the observation of the activities shown in figures 5 and 6 are not a consequence of fatal cell damages or apoptotic events due to the stimulation ( figure 7(b) ).
A stimulus with 10 s duration and an applied pressure of 200 mbar was used throughout the experiments presented in this paper as a demonstration. It was noticed that the level of the deformation would result in different response patterns of the neuronal cell network. For example, while applying a stimulus with a pressure of 50 mbar, the neuronal cell network samples did not show as obvious Ca 2+ fluctuation during the same time (3 min after stimulation) as those being stimulated with a pressure of 200 mbar. Hence, further investigation that includes more details of the parameters of the stimulation, such as pressure intensity, the duration of the stimulus, and the width of the freestanding membrane are helpful for understanding the mechanism of the neuro-mechano responsiveness by using this type of actuator chip.
On the other hand, the exposure conditions of the living cell culture are critical technical factors for a successful Ca 2+ imaging experiment. Experience has shown that excessive exposure time or power of the excitation light (either a mercury lamp or 488 nm laser) causes photobleaching and photodamage in cells in the control samples, which may lead to cell damage or even apoptosis and death. Therefore, optimised illumination is a very important factor in this experiment. For example, if using the mercury lamp as the excitation light source, the interval duration of exposure can be elongated to a few seconds instead of a continuous exposure, since the Ca 2+ fluctuation take place at a speed of second's to minute's level. In case of the 488 nm laser scanning mode, the parameters such as scan rate and scan area should be coordinated in order to complete scanning an image with a required area in a few seconds. The light intensity in either of the excitation modes should be as low as possible. Moreover, the loading volume and loading time of the Ca 2+ indicator Fluo-4 AM had to be optimised for various conditions and setups, too. For example, the in vivo-like culture within the 3D configuration of the gel needs a longer incubation time compared to the 2D culture, while excessive loading time can also lead to weak activities [47] . In our experiments we loaded the Fluo-4 AM on the cultures with gel for 30 min longer than the 2D cultures. Hence, the gel thickness in future design of the experiment has to be further optimised and reduced to avoid excessive loading times. Ca 2+ is an essential intracellular messenger molecule for functioning of almost every cell type in biological organisms. The intracellular Ca 2+ generates various signals that are involved in a diverse range of cellular processes, such as proliferation, development, fertilisation, learning and memory, etc [48] . This ion family also takes part in regulating neuronal processes in the central nervous system, for example, triggering the release of neurotransmitter at synaptic junctions, and contributing to dendritic action potentials through voltage-operated channels [47] . Not only for neurons, the Ca 2+ activities in glial cells have drawn increasing attention to the neuroscientists. The actively propagated Ca 2+ wave among astrocytes has led to studies of Ca 2+ signalling between astrocytes and neurons in a defined co-culture of these two specific types of essential brain cells. It has been reported that astrocytic Ca 2+ waves modulate neuronal cytosolic Ca
2+
, e.g. large spike-like increases in neuronal Ca 2+ levels, suggesting that astrocytes participate directly in neurotransmission [49, 50] . Bidirectional communication between neurons and astrocytes was also demonstrated in brain slices [51, 52] . Besides neurons and astrocytes-the most abundant cell types in the brain tissue, microglia cells are also demonstrated to promote the intracellular Ca 2+ transmission in astrocytes when sensing an external activation. And conversely, activated astrocytes influence the microglial activity via calcium waves [53] [54] [55] [56] . The global characterisation of the cortical cell network Ca 2+ dynamics [57] reveals a part of the big 'jigsaw puzzle' of the brain's functioning and its response at the cellular level to the changes of environmental conditions. In our experiments, the astrocytes ( figure 8(b) ) and neurons (figure 8(c)) were each immunostained with specific markers to help collect more detailed information from the cortical cells that were involved in Ca 2+ wave activity. The immunostaining results were compared to the Ca 2+ imaging results ( figure  8(a) ) at the same field of view. The matching results in figures 8(d) and (e) show that some of the transient signal events came from the area where MAP2 positive cells were located. The identification of neurons in the cortical cell culture supports the hypothesis that the stimuli activates intracellular neuronal activities and potentially affects the neurotransmission within neural networks. As the Ca 2+ activities are closely involved in neurotransmission, they can be an indicator for neuroelectrophysiological activity, too [58] [59] [60] . In combination with extracellular electrical signal read-out by this optical means of readout, the actuator chip can already serve as a platform for in vitro brain disease models and help to elucidate dysfunctional network response, such as in epilepsy [61, 62] . Cortical neurites can be hundreds of micrometres long, and the Ca 2+ loading was usually not effective enough to make them visible and identifiable within a complex cortical cell network. Hence, at this stage it is not clear whether a stimulus directly activated a neuron at a contacted neurite, or whether the trigger was transmitted among the cells of the network through intercellular signal cross-talk. More detailed studies should proceed to better understand the transmitting mechanisms among different cell types in the cortical cell networks, for example, using gene transfected neurons and Sulforhodamine-101 marked astrocytes [63] in a laboratory dedicated to neuroscience. The latter will help to identify the cell types during calcium imaging in situ, which would be more precise compared to the methods by post-experimental immunostaining, since the cells might migrate a few micrometres per minute during the time of experiments.
As discussed above, the highly ordered cell network as depicted in figure 3 could serve as a model for studying the intercellular Ca 2+ transmission. However, whether and how the response pattern of the cortical network would change with the influence of the nanoscaffold requires further investigation. Would the organised cortical network provide a more efficient signal transmission among the neurons? Or would it inhibit the efficiency of cell-cell communication because of the confinement of the outgrowth contact points among cells due to the directionally stratified network formation? Further dynamic experiments and analysis on the understanding of pathways of the Ca 2+ activities need to be carried out to answer these questions. 
Control network functional behaviour by environmental design
The freedom of design of the actuator chip provides a platform for a relatively 'mild' and localised mechanical stimulation through nanoscale stretching of the membrane, which can be another approach to a novel in vitro brain stimulating model, complementary to the conventional stimuli such as harsh strain [64] , poking, pressing, or frequency treatment [65, 66] . The possibility to manipulate the stimulation, as well as to topographically functionalise the surface of the integrated flexible membrane in the chip could further benefit the study of mechanotransduction in neuronal cellular networks. The three particular configurations of the chip in this study demonstrate the general functionality of the chip layout using air pressure deformed membranes in the experimental design and the importance of nanoscale cues in the environment to control specific network behaviour. An integrated nanogrooved scaffold on the freestanding membrane provides structural guidance and stratifies the neuronal cell network formation on-chip, which can be an approach to an in vitro model of the brain that provides a tissue structure (for example, the white matter, which contains parallel bundles of axons) in the cell culture experiment which is more comparable to the in vivo architecture of the brain. A supplementary gel layer also improves the cell culture conditions and provides a step forward to in vivo-like cell culture environments. Further attempts towards combinations of a 3D culture and a nanoscaffold on the substrate or advanced structurally designed 3D scaffold may be an efficient strategy to realise in vivo-like neuronal cell networks on-chip. This type of a functionalised actuator chip can be a practical tool for mechano-stimuli-responsiveness studies of the neuronal cell network in vitro.
Conclusions
In this paper, the concept of exerting nanoscale mechanical stimulation to the primary cortical neuronal cells through an elastic actuator chip was tested. The PDMS chip was demonstrated to be capable to produce stimulation through localised mechanical stretching integrated with the cell culture chamber. Cellular calcium ion activity changes were also successfully observed, which implies that cortical cells in the network respond to the stimulation. Results show that the intracellular Ca 2+ influx responds to a stimulus within seconds and may lead to intercellular Ca 2+ waves. On average, the frequency of the intracellular Ca 2+ fluctuation activity increased 50% after a stimulus was applied. Particularly, an increase of the neuron intracellular Ca 2+ influx was observed. Hence we believe that this actuator chip can provide a valuable in vitro platform to better understand the neuronal cell networks dynamics of the brain either in the healthy or the diseased state.
